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Magnetic and electric fields generated by the interaction of long-pulse laser beams with plasmas relevant to inertial
confinement fusion have been measured. A proton beam generated by the interaction of an ultraintense laser with a thin
metallic foil is used to probe laser-produced fields. The proton beam is temporally short (on the order of a picosecond)

and highly laminar, and hence equivalent to a virtual point source which makes it an ideal source for point projection
radiography. We have investigated, using face-on and side-on radiography, fields due to the non-colinearity of

temperature and density gradients at laser intensities around 5x10" W/cm?.

Introduction

The generation of and electric fields in a laser plasma interaction is of great interest in the field of high
energy density physics [']. Megagauss B fields generated in the laser irradiation of a solid target can modify
heat flow and alter electron density, n., and electron temperature, T, distributions, leading to plasma
instabilities [*]. In the case of long pulse (nanosecond scale) and low intensity irradiation (10" W/cm?), the
dominant mechanism for the generation of B fields is the non-collinear density and temperature gradient,
(VnxVT,) [*],[*]. These fields are generated at the edge of the expanding plasma bubble, the shape of
which is related to the size of the focal spot. The Faraday rotation equation combined with a simplified

version of Ohm’s law can be used to describe the B field evolution[*]:
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where v is the plasma velocity.

Previous experiments have studied B fields in ICF relevant plasmas. The first experiments to measure B
fields in laser plasmas used Faraday rotation of an optical probe beam [°]. This technique is limited to
densities much lower than critical density and thus cannot be used to access fields close to the critical
density, where the optical probe beam is strongly deflected by the density gradient. Some recent
experiments have used proton deflectometry [] to measure B fields in long pulse plasmas. In ref [6]

monoenergetic protons are generated as fusion products from the reaction D+ 3He -> o + p with an

associated 150 ps time resolution and 50 ym spatial resolution. In the experiment discussed here, protons
are generated from the interaction of a short pulse laser (0.7 ps) with a thin metal foil. The proton source is

then polychromatic (from a few hundred keV to about 40 MeV) [*] and emitted during ~1 ps.

Experimental arrangement

The experiment was carried out at the Titan laser facility at LLNL. A short pulse laser beam (80J in 700 fs)
is focused by an /3 off-axis parabola to a 10 um spot leading to a peak intensity of approximately 10"
W/cm®. A 50 ym thick tungsten foil is used to produce the proton beam [°],['’]. At these intensities the
proton energy spectrum extends with an exponential slope that cuts off at 30 MeV. A 1ns long pulse beam

at A=1064 nm is focused using a phase plate to a 1 mm spot with an intensity of 5x10" W/cm® on a 5 ym

thick Aluminum target (figure 1).

The proton beam probes the B field in a face-on geometry (normal to the target surface). Proton
deflectometry [''] is used to estimate the amplitude and the spatial distribution of the fields. A Copper
mesh, either 400 or 1000 lines per inch (LPI), is placed between the proton target and the long pulse target.
The proton detector is 6 cm from the proton target; it is composed of a multilayer assembly of radiochromic
film ['?]. Because the ions release most of their energy at the Bragg peak, each layer of film provides a
quasi-monochromatic image. The spatial resolution is 55 microns with a 400 LPI mesh and 30 microns

with a 1000 LPI mesh.

Experimental results

Given a flat-top focal spot intensity distribution radiation-hydrodynamic simulations predict an axially

symmetric azimuthal B-field and the absence of radial E-fields in the expanding plasma ["*]. This geometry



implies that protons probing the plasma face-on are only sensitive to B fields while side-on deflectometry is
only sensitive to E fields ['*]. The B fields are probed face-one with different time delays between the long
pulse and the short pulse; the time delays take into account the time of flight of the protons from the proton
target to the probed target. Figure 2 shows the mesh deflections in the proton beam at different time delays

of 200, 400, 900 and 1100 ps. A straight mesh is used as a reference to estimate the mesh displacement In
fig 2.a. a proton pile-up is visible at the edge of the plasma bubble where the B fields are the strongest. At
longer delays (900 ps and 1.1 ns), the proton pile-up becomes asymmetrical, probably due to the presence
of resistive instabilities ['*]. At later time the fluid behaviour near the buble edge can be dominated by field
and resistive effects, the plasma ratio of thermal to field energy cam become smaller than 1 which gives the
rise to the possibility of resistive instabilities.

Figure 3 shows the B field profile as a function of time modeled with the 2D LASNEX [13] hydrocode.
The B field package includes the full braginskii cross-field transport model and spontaneously generates
fields in the presence of nonparallel T, and n. gradients. The simulation used the experimental parameters
of 420 J laser energy of 1.053 um light, delivered in a 1 ns pulse and focused to a 1 mm diameter spot. It
shows that the B field is concentrated in a hemispherical shell surrounding the plasma plume. After an
initial increase in the amplitude of the B field, the field is frozen in with its spatial structure evolving as the
plasma expands.

Assuming that the protons only probe B fields in the face-on geometry, the mesh distortions in the detector
plane are directly related to the product Bx dl where B is the amplitude of the B field and dl is the spatial
size of the B field along the line of sight. A routine was developed to track the mesh distortions induced by
the B fields. We use the part of the image where the mesh is straight as a reference to calculate the mesh

displacement

The B field can be estimated from the mesh distortion 9§, taking into account the geometry of the
experiment (i.e distance from the mesh to the detector), from the relation B=~ 8.E,0.5 Al where E, is the
proton energy and dl is the scale length of the plasma. As in ref [6], dl is is estimated to be constant over a
plasma layer where the field are located. LASNEX predicts a plasma layer of about 50-150 um. The main
source of error is to estimate the distance over which the B fields are present, the amplitude of the B field

vary linearly with this value.



Figure 4 shows the B field profile at 400 ps deduced from (a) the experimental data, and (b) the profile
calculated with LASNEX. Both profiles exhibit the same annular shape. The experimental profile shows a
maximum field strength of 0.4 MG =50 % while the simulated profile shows a maximum strength field of
0.45 MG. The field structure deduced from the proton deflectometry data is similar to the field structured

simulated with LASNEX.

Conclusion

Proton deflectometry has been applied to study the fields induced by the interaction of a long pulse laser
with a thin metallic target. The characteristics of the laser generated proton beam (short pulse duration =
1ps, high energy up to 30 Mev) provide high-resolution deflectograms of the field. At intensities around
5x10" W/cm®, the amplitude of the fields is approximately 0.4 MGauss. The experimental results have

been compared to 2D hydro simulations and are in good overall agreement.

This work performed under the auspices of the U.S. Department of Energy by Lawrence Livermore

National Laboratory under Contract DE-AC52-07NA27344.
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(1) proton target
(2) interaction target

Figure 1: Experimental setup of the proton deflectometry experiment. P = proton, M=mesh, Al= aluminum,

D= detector. Distances are in mm.



a b c d
Figure 2: Results of face-on deflectometry of 11.3 Mev protons through the long pulse plasma at different

times a) 200 ps , b) 400 ps c¢) 600 ps and d) 1100 ps
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Figure 3: LASNEX simulated B field profile at different time delays a) 400 ps, b) 600 ps, ¢) 1100 ps
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Figure 4: a) face-on B field profile deduced from the deflectograms c) face B field profile deduced from the

LASNEX simulation, b) line-out on the experimental B field profile along the axis drawn on the image 4

¢). d) line-out on the simulated B field profile along the axis drawn on the image 4 c).



